Objective: This study evaluated the association between thoracic false lumen branches (TFLBs; dissected thoracic branches fed by a false lumen) and distal thoracic aortic enlargement (DTAE) after thoracic endovascular aortic repair (TEVAR) for DeBakey IIIb aortic dissection.
Results: Baseline demographics, clinical features, and devices implanted were largely similar between the two groups. Group A had more preoperative abdominal false lumen branches (7 [4] [5] [6] [7] [8] vs 4 [1] [2] [3] [4] [5] [6] ; P ¼ .02) and a greater proportion of preoperative patent thoracic false lumen (83.9% vs 66.7%; P ¼ .04). Twelve patients experienced DTAE during a median imaging follow-up period of 12.2 months (interquartile range, 4.3-26.6 months). Log-rank testing revealed a significant increase in cumulative estimated proportion with DTAE in group A (P < .01). The maximum thoracic aortic diameter decreased significantly in group B (P < .01) but not in group A. The overall change in the maximum thoracic aortic diameter was statistically different between the two groups (P < .01). Each group exhibited a significant increase in true lumen diameter and a significant decrease in false lumen diameter postoperatively. However, a lower degree of false lumen regression in group A was detected compared with group B (P ¼ .03). Multivariable analysis identified that preoperative TFLBs were independently associated with DTAE after TEVAR (hazard ratio [for one increase], 1.46; 95% confidence interval, 1.20-1.77) after adjustment for gender, hyperlipidemia, length of dissected aorta and height index, preoperative abdominal false lumen branches, and preoperative false lumen status of thoracic aorta. Thoracic endovascular aortic repair (TEVAR) has become the mainstay for operative treatment of patients with complicated DeBakey III aortic dissection, offering a survival benefit compared with open surgery. 1, 2 Moreover, the Investigation of Stent Grafts in Aortic Dissection (INSTEAD-XL) study 3 also confirmed the survival benefit of endovascular treatment in patients with uncomplicated dissection. Despite effective closure of the primary tear with TEVAR, 14% to 26% of patients will develop distal thoracic aortic enlargement (DTAE). 4, 5 Therefore, identification of a predictor of poor prognosis seems mandatory to select patients for whom more aggressive treatment or close radiologic follow-up may be beneficial. A possible cause for unfavorable aortic remodeling after TEVAR is the abdominal intimal tear, which has been identified as the most frequent origin of retrograde flow and shown to be a risk factor for incomplete false lumen thrombosis. [6] [7] [8] postoperative thoracic false lumen branches (TFLBs) may act as the outflow tracts of the proximal retrograde flow and play an essential role in aortic dilation (Fig 1) . To date, there has been little direct evidence reflecting the association between preoperative TFLBs and DTAE after TEVAR. In this study, we examined whether preoperative TFLBs were associated with DTAE after TEVAR for DeBakey IIIb aortic dissection. Our analysis was based on the structural changes in the thoracic aorta after initial endovascular treatment and the baseline characteristics obtained from a cohort of patients who were treated with TEVAR in our single center.
METHODS
Between January 2011 and December 2013, 245 patients underwent initial TEVAR for DeBakey IIIb dissection in our single center. We restricted inclusion to patients with a proximal landing zone length of at least 15 mm and without any coverage of left subclavian artery to limit the bias related to the detrimental impact of endoleaks on aortic remodeling. Connective tissue disease (n ¼ 17), traumatic dissection (n ¼ 9), endovascular treatment with partial or complete left subclavian artery coverage by stent graft (n ¼ 127), and presence of type I endoleak during follow-up (n ¼ 6) were listed as exclusion criteria. Thus, 86 patients met the inclusion criteria; of these, 19 were excluded owing to missing data: 1 lacked preoperative computed tomography angiography (CTA) images, 4 lacked follow-up images because of early death, 5 refused to undergo CTA scans, and 9 were lost to follow-up. Therefore, this study consisted of 67 patients. The study was designed as a retrospective study and was approved by the institutional review committee. Written informed consents were obtained from all patients.
Treatment details. Fifty patients were treated in the acute setting (within 14 days of symptom onset) and 17 patients were treated in the chronic setting (>14 days of symptom onset). Forty-two complicated dissections met one or more of the indications for TEVAR: aortic rupture as proved by pleural effusion (n ¼ 13), impending rupture as evidenced by periaortic hematoma (n ¼ 12), visceral or limb ischemia (n ¼ 18), refractory pain (n ¼ 28), resistant hypertension (n ¼ 6), and expanding $5 mm within 3 months 10 (n ¼ 1). Twenty-five uncomplicated dissections were also treated with TEVAR with the aim of preventing further aortic enlargement. All procedures were performed in a hybrid operating room. Technical details of stent graft placement in our center have been described previously. 11 The stent grafts used were Zenith TX2 (Cook, Bjaeverskov, Denmark) in 16 patients, Valiant (Medtronic, Santa Rosa, Calif) in 13 patients, Hercules (Microport, Shanghai, China) in 22 patients, and Ankura (Lifetech, Shenzhen, China) in 16 patients. Restrictive bare stents were used to accommodate the mismatch between the distal diameter of the stent graft and the small diameter of the compressed true lumen. Baremetal stents were placed in the visceral and iliac arteries when necessary. Postoperatively, all patients were prescribed calcium channel blockers; additionally, some patients were prescribed a beta blocker. Because all patients had adequate proximal landing zone and no left subclavian artery was covered by stent graft, postoperative CTA scans with arterial and delayed phase from the supra-aortic arch to the common femoral arteries were recommended at 6 months, 12 months, and annually thereafter to lower the risk of contrastinduced nephropathy.
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Data collection. Demographic and clinical variables were collected from the patient's electronic record. Survival condition during follow-up was obtained by telephone interview, outpatient contact, or inpatient contact. CTA images performed between the time of discharge and May 2014 or death were retrospectively collected; 67 serials of CTA images at 6 6 3 months, 45 at 12 6 3 months, and 25 at 24 6 6 months were available for analysis. The most recent preoperative and all available follow-up CTA images (slice spacing, 0.6-1.5 mm) were transferred to a 3mensio Workstation (version 6.1; 3mensio Medical Imaging BV, Maastricht, The Netherlands) for assessment with a semiautomatic center lumen line method. Two experienced, independent, blinded physicians analyzed the CTA images for the detailed anatomic features.
The preoperative and postoperative maximum aortic diameters as well as the largest short-axial true lumen and false lumen diameters were measured perpendicular to the centerline at the level of the upper margin of the tenth thoracic vertebra. DTAE was defined as a >5-mm increase in maximum aortic diameter at a follow-up time point compared with the measurement at preoperative examination. 4, 10 A #5-mm increase, no change, or a decrease in maximum aortic diameter was classified as aortic stabilization.
The status of thoracic and abdominal false lumen thrombosis was classified as patent, partial, or complete. 10 Thoracic aorta and abdominal aorta were divided by the celiac trunk.
The following variables were assessed on the preoperative CTA examinations. The number of TFLBs along the descending aortic segment as well as the number of abdominal false lumen branches along the abdominal segment were quantified in the cross-sectional slices (Fig 2) . In cases in which the visceral artery was perfused by the false lumen, the number of involved arteries was recorded. In addition, the length of dissected aorta and the presence of fenestration in the iliac artery were also analyzed. Length of dissected aorta and height index (L/Hi) was calculated in an attempt to reduce the effect of height heterogeneity among patients. We also collected the following intraoperative and postoperative variables: use of restrictive bare stent, use of bare-metal stent, length of stent graft coverage, presence of aortic erosion (identified as the edge of the stent graft protruding into the false lumen 13 ), and new re-entry in the lower thoracic segment during followup. Retrograde type A dissections after TEVAR in this study were symptomatic, and CTA images after onset were excluded. Interobserver and intraobserver agreement was also assessed on the basis of the method proposed by Bland and Altman. Twenty CTA image series were randomly sampled from the whole image database, with approximately equal numbers of preoperative and postoperative CTA image series. To evaluate the interobserver agreement, the two physicians performed independent measurements of the 20 CTA image series in random order. Then one of the physicians independently repeated these measurements 1 week later in random order to assess intraobserver agreement. The interobserver and intraobserver differences were À0.13 (95% limits of agreement, À3.20 to 2.95) and À0.11 (95% limits of agreement, À1.22 to 1.00), respectively, suggesting a relatively low interobserver and intraobserver mean bias with respect to its clinical relevance.
Statistical analysis. We first performed timedependent receiver operating characteristic curve analysis to estimate the optimal cutoff value of preoperative TFLBs for the prediction of DTAE. The results showed that the optimal cutoff value giving the highest sensitivity plus specificity was 8, with an area under the curve of 0.73 ( Supplementary Fig, online only) . We then divided all patients into two groups according to this value: group A (preoperative TFLBs $8) and group B (preoperative TFLBs <8). Changes in aortic diameter over time were modeled using a mixed model of repeated data. The cumulative proportion with DTAE was estimated with the Kaplan-Meier method. Finally, we applied multivariable Cox proportional hazards regression analysis to estimate the independent association between preoperative TFLBs and DTAE, with adjustment for sex, hyperlipidemia, L/Hi, preoperative abdominal false lumen branches, and preoperative false lumen status of thoracic aorta. Covariate selection was based on the change-in-estimate criteria, by which a variable can be included in the final model if its inclusion in the regres- 
RESULTS
Patients' characteristics are reported in Table I . The median number of preoperative TFLBs in this cohort of patients was 7 (interquartile range, 4-10). There was no significant difference between group A and group B in terms of baseline demographics, clinical features, and devices implanted. Concerning preoperative anatomic characteristics, the number of preoperative abdominal false lumen branches was more in group A than in group B (7 [4] [5] [6] [7] [8] vs 4 [1] [2] [3] [4] [5] [6] ; P ¼ .02). The majority of preoperative thoracic false lumens (76.1%; 51/67) was patent in both groups. However, partially thrombosed false lumen was observed more frequently in group B (33.3% vs 10.7%; P ¼ .04). Even though the limited sample size did not allow statistical significance, there was a trend toward larger L/Hi (P ¼ .06) and a greater proportion of patent preoperative abdominal false lumens (P ¼ .07) in group A. Because >20% of patients (19/86) were excluded owing to missing data, comparative analyses were performed between the included and excluded patients, and the results revealed no significant differences between the two groups (Supplementary Table I , online only). This indicated that the patients excluded for missing essential data may be random.
Twelve patients (17.9%) experienced DTAE and the remaining maintained a stable or decreased distal thoracic aortic diameter during a median imaging follow-up period of 12. Log-rank testing revealed a significant increase in cumulative estimated proportion with DTAE in group A compared with group B (P < .01). In addition, aortic erosion was observed in two patients in group A and five patients in group B (7.1% vs 12.8%; P ¼ .69), but no migration or fracture of the restrictive bare stent was found in either group during this follow-up period. New re-entry in the lower thoracic aorta was detected in three patients in group B (0% vs 7.7%; P ¼ .26).
The courses of diameter changes from the preprocedure to the 24-month time points are shown in Fig 4. The maximum aortic diameter was maintained relatively stable in group A (change, 2.2; standard error [SE], 1.34; P ¼ .11) but decreased significantly in group B (change, À2.8; SE, 0.95; P < .01). The overall change in the maximum aortic diameter was statistically different between the two groups (difference, 5.0; SE, 1.60; P < .01). Each group exhibited a significant increase in true lumen diameter (group A: change, 9.0; SE, 1.18; P < .01; Group B: change, 10.5; SE, 1.12; P < .01). The difference of the overall change in the true lumen diameter of the two groups was not statistically significant (difference, À1.5; SE, 1.67; P ¼ .37). The false lumen decreased significantly in each group (group A: change, À6.1; SE, 1.98; P < .01; group B: change, À11.7; SE, 1.62; P < .01). The overall change in false lumen diameter was statistically different between the two groups (difference, 5.6; SE, 2.56; P ¼ .03).
As shown in Table II , postoperative partially thrombosed false lumen of thoracic aorta was seen more frequently in group A at each follow-up time point, with a significant difference seen at 12-month and 24-month time points (P ¼ .02, P ¼ .04, respectively). Moreover, false lumen retrograde flow was observed directly communicating with thoracic patent branches in all patients who achieved a partially thrombosed false lumen in the thoracic aorta (Fig 5) . Univariable regression analyses showed that no variable was associated with a P value < .05, except for preoperative TFLBs with a hazard ratio (HR) of 1.24 (95% CI, 1.10-1.40; Supplementary Table II, online only). HRs of DTAE associated with preoperative TFLBs are presented in Table III . Preoperative TFLBs were independently associated with DTAE after TEVAR (HR [for one increase], 1.46; 95% CI, 1.20-1.77) after adjustment for gender, hyperlipidemia, L/Hi, preoperative abdominal false lumen branches, and preoperative false lumen status of thoracic aorta.
DISCUSSION
In our experience of treating DeBakey IIIb dissection with TEVAR, one of the most common postoperative problems is persistent thoracic false lumen perfusion and subsequent aortic expansion in the distal thoracic segment. 15 Questions surrounding the retrograde false lumen flow focus largely on the distal re-entry tears in the abdominal aortic segment. To address the problem of these "inflow tracts," the provisional extension to induce complete attachment (PETTICOAT) technique was tested since 2005. 16 However, systematic review of this technique found that this strategy failed to completely stop the blood from flowing backward to the thoracic false lumen, 17 implying that treatment confined to abdominal re-entry tears might be insufficient to settle this issue. Therefore, we designed this retrospective study with a focus on the association between the number of preoperative TFLBs and structural changes in the thoracic aorta to better understand the mechanism of aortic expansion in the distal thoracic aorta. <8) . A, The overall change in the maximum aortic diameter was statistically different between the two groups (difference, 5.0; standard error [SE], 1.60; P < .01). B, The difference of the overall change in the true lumen diameter of the two groups was not statistically significant (difference, À1.5; SE, 1.67; P ¼ .37). C, The overall change in false lumen diameter was statistically different between the two groups (difference, 5.6; SE, 2.56; P ¼ .03). Vertical bars represent standard deviation. . Log-rank testing revealed a significant increase in the cumulative estimated proportion with DTAE in group A compared with group B (P < .01).
Our study group was tightly selected to minimize confounding variables, such as a short proximal stent sealing zone and left subclavian artery coverage, which may lead to obvious, minor, or even undetectable endoleaks, with subsequent incomplete thrombogenic environment within thoracic false lumen. In this relatively homogeneous study cohort with a favorable proximal landing zone, we found that more preoperative TFLBs were associated with a lower degree of false lumen regression and an unfavorable status of the false lumen in the thoracic aorta after TEVAR. Meanwhile, multivariable Cox regression identified that preoperative TFLBs were independently associated with DTAE after endovascular repair. These findings may help establish the concept that in addition to abdominal re-entry tears, preoperative TFLBs are also a key precondition for ongoing retrograde flow in the false lumen.
Here is a hypothetical scenario to consider as we explain the association between TFLBs and aortic enlargement after TEVAR. Given the fact that there is always blood filling in the abdominal false lumen in DeBakey IIIb aortic dissection even after successful TEVAR, the thoracic false lumen blood may tend to form thrombus if the majority of thoracic branches are not involved by aortic dissection and do not depend on the false lumen for blood supply; conversely, when most thoracic branches are dissected and fed by false lumen blood flow, retrograde flow and incomplete thrombosis may persist in the thoracic false lumen because of the presence of adequate outflow tracts. In this study, partial thrombosis of the thoracic false lumen that contained retrograde flow in the thrombus was observed more frequently in group A than in group B at each follow-up time point. These findings may support the rationality of the assumption mentioned before.
The pathophysiologic mechanism by which these patent branches lead to aortic enlargement is unclear. Several studies 9, 10, 13 have suggested that the retrograde flow may result in persistent false lumen pressurization, increasing the risk of aneurysmal degeneration. More patent TFLBs may carry a higher retrograde flow rate and then trigger a greater false lumen pressurization. This would explain the increased cumulative estimated proportion with DTAE seen in these patients in group A. In addition, partial thrombus may be another contributing factor. Previous studies 18, 19 have shown that a thrombus adjacent to the arterial wall may lead to localized hypoxia and inflammation, increasing the risk of rupture of abdominal aortic aneurysm. As reported by Tsai et al, 20 this mechanism may be even more pertinent to the false lumen of dissected aorta. This seems to be consistent with the courses of diameter changes in our study. Patients in group A had a trend toward aortic dilation compared with those in group B. This trend appears to be mainly driven by the lower degree of false lumen regression in group A; the difference of the true lumen diameter changes of the two groups was not statistically significant. Future mechanistic studies should focus on whether false lumen partial thrombosis is associated with aneurysmal degeneration. The concept of preoperative TFLBs associated with DTAE provides more insight into the early prognosis of DeBakey IIIb aortic dissection treated with TEVAR. Therefore, patients with increased risk for DTAE (such as those with preoperative TFLBs >8 in this study) should be treated with a more aggressive treatment. One traditional approach is to cover the descending aorta with extended stent graft. 21 Importantly, according to the findings in this study, a novel approach of pre-emptive thoracic false lumen embolization combined with stent graft deployment should be tested in an attempt to promote complete thrombosis in the thoracic false lumen. False lumen embolization has been proved feasible for occlusion of post-TEVAR false lumen aneurysm. 22, 23 From this perspective, the novel approach seems not to expose patients to a high risk of perioperative complications because a false lumen with relatively narrow diameter generally makes deployment of the embolic materials in a stable position easier than management of an already enlarged one. However, a pre-emptive false lumen embolization may have an entirely different use condition and clinical evolution than a postoperative one. Therefore, the safety and efficacy of this newly designed endovascular treatment should be studied in more detail. One interpretation of the studies described before would be to suggest that persistent postoperative patent TFLBs are the likely reason for retrograde flow and partially thrombosed false lumens. Importantly, the number of preoperative and postoperative TFLBs may not be the same because some TFLBs may be occluded after TEVAR, especially those along the stent graft. Despite this, the predictive value of preoperative TFLBs can be explained in that patients with more preoperative TFLBs may still have more postoperative TFLBs. We did not quantify the number of the patent thoracic branches after the endovascular procedure because it was difficult to accurately calculate when partial or complete thrombosis formed in the false lumen. Conversely, >75% of patients in this study had a preoperative patent thoracic false lumen, which allowed rapid distribution of contrast agent in the false lumen. Therefore, evaluation of TFLBs was likely to rely more on preoperative CTA images than on postoperative ones.
The results of our study need to be interpreted carefully because of several limitations. The main one involves the fact that the small sample size may carry the risk of overfitting a regression model. Therefore, the results in our study should be validated in other series with a large sample. In addition, the diametric measurement is not the best approach to reflect the structural changes in distal aorta, but it remains the most clinically relevant because it provides the threshold for surgical intervention and can be performed with excellent reproducibility. Moreover, follow-up blood pressure, which may inhibit positive aortic remodeling, was not investigated as a covariate because the majority of it was unreliable as provided by patients by telephone interview. Finally, the imaging follow-up duration may be inadequate for evaluation of aortic enlargement as more patients may suffer aneurysmal degeneration in the long term. Further follow-up can increase our understanding of the association between preoperative TFLBs and DTAE after TEVAR.
CONCLUSIONS
Preoperative TFLBs are independently associated with DTAE after TEVAR in DeBakey IIIb aortic dissection. Long-term follow-up is necessary to further verify the preliminary finding.
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